Abstract.-Some small particles of phage T4 contain incomplete chromosomes measuring two thirds of the length of normal T4 chromosomes. They cannot produce progeny phage after single infection because their incomplete chromosomes lack random segments of the genetic map. We have investigated the replication of DNA following single infection with small particles. Our results indicate that approximately two thirds of the incomplete chromosomes can initiate DNA replication and apparently extend the process from a genetically fixed origin to one end of the molecule. However, few if any of the incomplete chromosomes can initiate a second round of replication. The incomplete chromosomes which do not replicate also do not attach to bacterial membranes.
Abstract.-Some small particles of phage T4 contain incomplete chromosomes measuring two thirds of the length of normal T4 chromosomes. They cannot produce progeny phage after single infection because their incomplete chromosomes lack random segments of the genetic map. We have investigated the replication of DNA following single infection with small particles. Our results indicate that approximately two thirds of the incomplete chromosomes can initiate DNA replication and apparently extend the process from a genetically fixed origin to one end of the molecule. However, few if any of the incomplete chromosomes can initiate a second round of replication. The incomplete chromosomes which do not replicate also do not attach to bacterial membranes.
Phage T4 produces varying proportions of small particles with incomplete chromosomes of discrete lengths which lack random segments of the genetic map and are, therefore, individually nonviable.1 We have investigated the replication of such incomplete T4 chromsomes which measure two thirds of the normal T4 chromosome. Our experiments ask whether initiation of DNA replication simply requires the presence of one or two genes and their products as postulated by Jacob, Brenner, and Cuzin,2 or, in addition, requires the integrity of the entire (circular) DNA molecule.3 Two thirds of a population of the incomplete chromosomes used must contain any given gene, and at least one third must contain any two given genes. Our results indicate that incomplete chromosomes containing a genetically determined origin can initiate replication but the integrity of the entire chromosome seems to be required for secondary initiation.
Materials and Methods. of 20 ,g/ml. Thirty minutes after infection, the cells were lysed as described previously,6 avoiding shear degradation. Density analysis of the resulting lysate showed that most of the parental label from normal particles had changed its density from light to heavy (Fig. 1A) ; this density shift reflects the abundance of newly synthesized fully labeled progeny DNA to which the parental material is connected.6' 10 In contrast, the label from small particles assumed a density between light and hybrid, indicating that some replication had taken place but that it was incomplete (Fig. 1B) .
In alkaline CS2SO4 density gradients, an appreciable fraction of the parental 32P-label from complete chromosomes showed an increased density ( Fig. 2A) , as was expected because recombination links light parental strands to heavy progeny strands.'0 In contrast, all label from incomplete chromosomes banded at the original light parental density (Fig. 2B ). To show that none of the bromouracil label in the replicated incomplete chromosomes had been incorporated into the parental strands, DNA isolated from cells infected with small particles was sheared to fragments of about 107 daltons and banded in a neutral CS2SO4 gradient. Fractions of hybrid density were isolated, sonically degraded, and rebanded in alkaline CS2SO4 (Fig. 20) . Once again, all parental label had the same density as light reference DNA from T4 particles. This shows that following infection with small particles there is no covalent linkage between parental and newly synthesized DNA.
Sedimentation analysis of the same DNA preparations in neutral sucrose gradients showed that most of the parental 32P-label from complete chromosomes sedimented faster than 3H-labeled reference DNA from mature particles; some parental 32P-label sedimented more slowly, but little of it cosedimented with the reference DNA (Fig. 3A ). This agrees with the previous observations that part of the infecting T4 DNA becomes attached to large cellular components, part of it forms large multibranched structures, and part of it is degraded.6 11, 12 In contrast to these results, approximately one third of the 32P-label from incomplete chromosomes retained the original sedimentation velocity (Fig. 3B ). This indicates that some of the incomplete chromosomes are neither attached to large cellular components nor degraded; presumably these chromosomes have not been replicated at all.
In agreement with Frankel's"3 results, some 32P-labeled single strands from replicated complete chromosomes sedimented faster through alkaline sucrose gradients than denatured reference DNA (Fig. 4A) . However, all 32P-labeled single strands from incomplete chromosomes sedimented more slowly (Fig. 4B) .
Experiment 2: In order to study the time required for replication of incomplete chromosomes and to detect fully bromouracil-labeled T4 DNA we extended the above experiments using 3H-bromouracil as a density label. Bromouracil-labeled bacteria were infected as described in Table 1 . Two minutes after infection, 3H-bromouracil (1000 mc/mlMi) was added to give a final concentration of 5 Ag/ml. At different times after infection (cf. In agreement with Werner's results,4 complete chromosomes started to produce fully bromouracil-labeled heavy progeny DNA before all parental DNA had been converted to hybrid density. In contrast, infection with incomplete chromosomes produced heavy DNA at approximately [3] [4] per cent of the rate observed in cells infected with normal particles. We believe that all of this heavy DNA can be attributed to the three per cent of bacteria that produce progeny phage as the result either of multiple infection with small particles or of infection with the few contaminating (cf. The density distribution of these chromosomes after replication (Fig. 1B) suggests that all degrees of replication, from nearly zero to almost one, are equally likely.
(4) One third of the incomplete chromosomes retain their original sedimentation rate. Apparently they are not replicated at all and are not attached to cellular components.
(5) Incomplete chromosomes produce little or no fully 3H-bromouracillabeled heavy progeny DNA (Fig. 5B) , showing that they are unable to initiate a second round of replication. (The failure of incomplete T4 chromosomes to complete and continue DNA replication cannot be an artifact due to the use of bromouracil since complete chromosomes in the control experiments show normal replication and produce heavy, fully bromouracil-labeled progeny DNA;4' 6, 10 furthermore, earlier experiments9' 14using different methods and no bromouracillabel have shown that single incomplete chromosomes cannot replicate extensively.)
We suggest the following model to explain the replication pattern of incomplete T4 chromosomes:
Replication starts at a genetically determined region (origin), as it has been found in phage X,'5 and proceeds in one direction to the end of the molecule.
Since incomplete chromosomes represent random segments of the T4 genome, only two thirds of them will contain the origin and, therefore, be able to replicate at all. Since in these molecules the average distance between the origin and the molecular end will be half the molecular length, one third of all the DNA (half the DNA in two thirds of the molecules) will be replicated. One third of the incomplete chromosomes will lack the origin and cannot replicate nor attach to cellular components.
Although more complicated models cannot be excluded unequivocally, we prefer our model because it is also compatible with three other observations: (1) In each T4 chromosome replication is initiated repeatedly at a specific site.4
(2) The proportion of the DNA of incomplete chromosomes which replicates is very close to the maximum value expected from our model. This suggests that the genes for essential enzymes in T4 DNA replication are closely linked to the origin. After mixed infection with normal and small particles, alleles from incomplete chromosomes encompassing a region counterclockwise from rI appear among progeny more frequently than alleles from incomplete chromosomes lacking that region.16 Most "early" T4 genes are clustered in this region.' If this region is close to the origin in the direction of replication, its chance for replication must be larger than average, since it can be replicated once before being integrated into a complete chromosome. More extensive experiments of this kind indicate that the origin maps between genes 42 and 44 (Mosig, (Table 2) . However, this initial rate declines in incomplete chromosomes, in agreement with our model which predicts that more and more growing points reach the end of their molecules. Cairns and Davern3 have observed that DNA synthesis in E. coli stops if a doublestrand break occurs anywhere in the chromosome. Incomplete T4 chomosomes resemble broken E. coli chromosomes. Their replication pattern suggests that an active unwinding mechanism of the kind suggested by Cairns'9 is not needed, at least not for a DNA molecule of limited length, such as T4.
Much more difficult to explain is our finding that, although some incomplete chromosomes can start replicating, few if any are able to initiate a second growing point, even though a complete chromosome normally initiates its second growing point after the first one has moved only 10 per cent of the chromosome length. It is possible that secondary initiation requires much more genetic information than the first initiation and that the extra information is rarely found in any incomplete chromosome. On the other hand, the lack of secondary initiation may be the result of physical incompleteness of these chromosomes, i.e., their inability to circularize. Information for secondary initiation of growing points may have to be transmitted by a yet unknown mechanism from the first growing point around the circularized chromosome back to the origin.
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